Adenosine deaminases acting on RNA (ADAR1 and ADAR2) are human RNA-editing adenosine deaminases responsible for the conversion of adenosine to inosine at specific locations in cellular RNAs. Since inosine is recognized during translation as guanosine, this often results in the expression of protein sequences different from those encoded in the genome. While our knowledge of the ADAR2 structure and catalytic mechanism has grown over the years, our knowledge of ADAR1 has lagged. This is due, at least in part, to the lack of well defined, small RNA substrates useful for mechanistic studies of ADAR1. Here, we describe an ADAR1 substrate RNA that can be prepared by a combination of chemical synthesis and enzymatic ligation. Incorporation of adenosine analogs into this RNA and analysis of the rate of ADAR1 catalyzed deamination revealed similarities and differences in the way the ADARs recognize the edited nucleotide. Importantly, ADAR1 is more dependent than ADAR2 on the presence of N7 in the edited base. This difference between ADAR1 and ADAR2 appears to be dependent on the identity of a single amino acid residue near the active site. Thus, this work provides an important starting point in defining mechanistic differences between two functionally distinct human RNA editing ADARs.
INTRODUCTION
In recent years, RNA modification processes have become recognized as key to proper cellular function, and dysregulated RNA modification has been shown to lead to human disease. For instance, alternative splicing has been implicated in various diseases such as myotonic dystrophy (1), aberrant transfer RNA modification is associated with two major classes of mitochondrial disease (2) , and a lack of certain types of ribosomal RNA modification results in dyskeratosis congenita (3) . Another type of post-transcriptional modification is adenosine deamination catalyzed by the ADAR family of enzymes (adenosine deaminases acting on RNA). The ADAR family consists of three enzymes, two with known activity (ADAR1 and ADAR2). These enzymes deaminate adenosine to form inosine, a type of RNA editing. Inosine base pairs with cytosine and is recognized during translation as guanosine, often resulting in codon changes. Aberrant editing has also been correlated with a number of human diseases [e.g. amyotrophic lateral sclerosis, depression, bipolar disorder, dyschromatosis symmetric hereditaria (DSH), Prader-Willi syndrome, cancer, etc. (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) ].
ADAR1 and ADAR2 have many similarities in terms of their domain structures, catalytic activities and substrate requirements (22) (23) (24) . However, these two RNA editing adenosine deaminases have distinct biological properties as indicated by their different cellular localization (25) (26) (27) (28) (29) (30) , the different ways they are regulated (25, (31) (32) (33) (34) (35) and the different phenotypes displayed by the corresponding knockout mice (36) (37) (38) (39) (40) . For instance, ADAR1 À/À embryos do not survive beyond 12 days post coitus and display a severe defect in hematopoiesis (36) (37) (38) . On the other hand, ADAR2
À/À mice live for 3 weeks after birth and mainly show defects in nervous system function arising from the lack of editing of the glutamate receptor B subunit Q/R site (40) . While the RNA-editing substrate(s) responsible for the ADAR1 knockout embryonic lethality is/are unknown at this time, other studies have established the essential function ADAR1 plays in the survival of certain cell types, a function that is not shared with ADAR2 (36) (37) (38) (39) . Furthermore, the human skin pigmentation disorder DSH is caused by mutations in the adar1 gene and does not appear to involve ADAR2 [see Li et al. (41) ]. Finally, ADAR1 has been linked in several different studies to the innate immune response, with both antiviral and proviral roles [see review by Samuel (42) ].
It is clear that a full understanding of RNA editing by adenosine deamination requires detailed study of both ADAR1 and ADAR2. Unfortunately, while our knowledge of the ADAR2 structure and catalytic mechanism has grown over the years, our knowledge of ADAR1 has lagged. For many years, both proteins defied attempts at crystallization. Then, in 2005, Macbeth et al. (43) crystallized the catalytic domain of human ADAR2, revealing the placement of various residues within the deaminase active site. No crystal structures have yet been reported for ADAR-RNA complexes. However, prior to the report of the ADAR2 deaminase domain structure, and indeed afterward to complement it, our lab used RNA substrates bearing nucleoside analogs to define structure/activity relationships for the ADAR2 reaction (44) (45) (46) (47) (48) (49) (50) (51) (52) . These experiments identified key differences between ADAR2 and the nucleoside deaminase ADA (adenosine deaminase) (45) , led to a method for mechanism-based trapping of ADAR2 bound to a substrate RNA (49) and allowed us to validate a model for adenosine recognition in the ADAR2 active site (52) . In the latter example, docking adenosine monophosphate (AMP) into the ADAR2 active site as determined by X-ray crystallography led to a model for recognition of the edited nucleotide wherein R455 and T375 were in proximity to the adenosine's N7 and 2 0 -positions, respectively ( Figure 1 ). Kinetic data generated using RNA substrates bearing adenosine modifications at these positions, along with mutants of ADAR2 at R455 and T375, supported the proposed model (51, 52) .
Interestingly, ADAR1 differs from ADAR2 in the identity of these active site residues, suggesting possible differences in the mode of interaction with the edited nucleotide. Based on the sequence alignment, ADAR1 is predicted to have N891 in the position of ADAR2's T375, and A970 in place of R455 (53) (Figure 1 ). These differences may indicate a distinct method of recognition of either the sugar (in the case of the Thr/Asn difference) or the base (in the case of the Arg/Ala difference). Testing this idea would require adaptation of our ADAR2 assay to allow site-specific incorporation of nucleoside analogs at a known ADAR1 site such that reaction rates could be determined for adenosine and variants bearing structural changes at the 7-and 2 0 -positions. Until now, this type of analysis has not been possible with ADAR1. To allow for efficient site-specific incorporation of nucleoside analogs, the RNA substrate must be amenable to synthesis in two pieces, preferably with the editing site at the 5 0 -end of one strand short enough to be accessible by chemical synthesis (approximately <50 nt). All previously known ADAR1 sites were too long to make this possible. However, we recently characterized an ADAR1 catalyzed editing event in the pre-mRNA of the DNA repair enzyme NEIL1 (54) . The size and stability of the hairpin structure found in the NEIL1 pre-mRNA that supported the ADAR1 reaction suggested it might be a good candidate for incorporation of nucleoside analogs. Here, we describe an 84 nt ADAR1 substrate RNA derived from the NEIL1 message that can be prepared by a combination of chemical synthesis and enzymatic ligation. Incorporation of adenosine analogs into this RNA and subsequent analysis of the rate of ADAR1 catalyzed deamination revealed both similarities and differences in the way the two ADARs recognize the edited nucleotide. Importantly, ADAR1 is more dependent than ADAR2 on the presence of N7 in the edited base such that no product is observed in ADAR1 reactions with 7-deazaadenosine at editing sites. This difference between ADAR1 and ADAR2 appears to be dependent on the identity of a single amino acid residue near the deaminase active site. Thus, this work has provided an important starting point in the process of defining mechanistic differences between two functionally distinct human RNA editing ADARs.
MATERIALS AND METHODS

General biochemical procedures
Unless otherwise stated, all reagents were purchased from commercial sources (Sigma Aldrich or Fisher Scientific) and were used without purification. Reagents for in vitro transcription, in vitro editing, PCR amplification, radiolabeling and preparation of RNAs for splinted ligation were purchased from: Perkin-Elmer Life Sciences: (55) were used for quantification of editing using DNA sequencing.
Generation of an ADAR1 homology model
The ADAR1 homology model was generated using Protein Homology/analogy Recognition Engine v2.0 (Phyre2) (56) . AMP was added based upon the ADAR2 structural modeling. The model produced by Phyre2 was used as generated with minor adjustments to the N891 side chain conformation to avoid steric clash with the ribose of AMP.
Protein overexpression and purification
For studies on RNA length, human ADAR1 in yeast expression plasmid (YEpTOP2PGAL1) was overexpressed in Saccharomyces cerevisiae and purified as previously described with one modification (57, 58) . Cells were lysed using a mini bead beater (Biospec Products).
For characterization of the 84 nt RNA made by in vitro transcription, human ADAR1 in yeast expression plasmid (YEpTOP2PGAL1) was overexpressed in S. cerevisiae and purified as previously described (57, 58) .
For nucleoside analog experiments (both deamination assays and gel shifts), human ADAR1 in yeast expression plasmid (YEpTOP2PGAL1) was overexpressed in S. cerevisiae and purified as previously described (59) with some modifications. The treatment with TEV and the second Ni-NTA column were eliminated, so that the fractions from the first Ni-NTA column were concentrated and dialyzed. For this set of experiments, yeast cells were lysed using a mini bead beater (Biospec Products).
Human ADAR2 and the R455A mutant in yeast expression plasmid (YEpTOP2PGAL1) were overexpressed in S. cerevisiae and purified as previously described (49, 57, 58) .
Synthesis, purification and mass spectrometric analysis of RNA RNA oligonucleotides were synthesized as described previously, although on a 200 nmol scale (52) . The analog-containing RNAs were purified for mass spectrometric analysis by 15% denaturing polyacrylamide gel electrophoresis, visualized by UV shadowing (254 nm light, F254 TLC plate as backing) and extracted from the gel via the crush and soak method at 4 C overnight into 0.5 M NH 4 OAc containing 0.1 mM EDTA. Polyacrylamide particles were removed using a Centrex filter (0.2 mm) and the solution was desalted using C18 Sep-Pak cartridges. RNA was eluted in 1:1 CH 3 CN/H 2 O. The RNA was lyophilized to dryness, resuspended in H 2 O and quantified by measuring the absorbance at 260 nm. The identities of the analog-containing RNAs were checked by ESI mass spectrometry. Mass spectra were acquired on an LTQ Orbitrap XL mass spectrometer equipped with an electrospray ionization source (ThermoFisher, San Jose, CA, USA), operating in the negative ion mode. Samples were introduced into the source via loop injection at a flow rate of 40 ml/min, in a solvent system of 1:1 methanol: (50 mM hexafluroisopropanol in water, pH adjusted to 7.9 with triethylamine). Mass spectra were acquired using Xcalibur, version 2.0.7 SP1 (ThermoFinnigan), in the range of 600-1800 m/z at a resolution of 30 000 and are an average of 25 scans. The spectra were externally calibrated using the standard calibration mixture. MassLynx software, version 4.1 (Waters, Milford, MA, USA) was used for spectrum processing. ESI mass spectrometry analysis of the RNA containing 2 0 -Omethyladenosine: calcd: 11 183.6; obsd: 11 183.7. ESI mass spectrometry analysis of RNA containing 2 0 -deoxyadenosine (dA): calcd: 11 153.6; obsd: 11 153.6. ESI mass spectrometry analysis of RNA containing 8-aza-7-deazaadenosine: calcd: 11 169.6; obsd: 11 169.6. ESI mass spectrometry analysis of the NEIL1 RNA containing 7-deazaadenosine: calcd: 11 168.6; obsd: 11 168.7. ESI mass spectrometry analysis of the GluRB R/G site RNA containing 7-deazaadenosine: calcd: 8451. . The 201 nt RNA was prepared as described previously except the product was purified on an 8% denaturing polyacrylamide gel (54) . A plasmid was prepared for in vitro transcription of the 84 nt RNA by amplifying a fragment with the primers 84F (GTGTGTGAGCTCTAATACGACTCACTATAGGG CCTGAGCCTGCCCTCT) and 84R (ACACACTCTAG AAGTCCTCCTCCCCGC), digesting both PCR product and pUC19 vector with SacI and XbaI and ligating using the Quick Ligase kit. The plasmid was linearized with XbaI for in vitro transcription. The 366 and 161 nt RNAs were made by in vitro transcription using a PCR product as the template, under conditions described previously (60) . The primers were: 366F (TAATACGACTC ACTATAGGGCATGGCCGAGTGGGAAGA) and 366R (GACCCCACGTTTCCACCC); and 161F (TAAT ACGACTCACTATAGGGAGGTCTGGGCCAGGTC TAAC) and 161R (ATGCCATAGCAGCGCA). PCR products were purified by agarose gel electrophoresis.
After in vitro transcription from a PCR product, the solution was phenol-chloroform extracted, ethanol precipitated and run through a G-25 column. The sample was DNase digested twice using DNase1. The products were purified by denaturing polyacrylamide gel electrophoresis. Bands were visualized by UV shadowing (254 nm light, F254 TLC plate as backing), and extracted using the crush and soak method overnight at 4 C in 0.5 M NH 4 OAc, 0.1% SDS and 0.1 mM EDTA. Polyacrylamide particles were removed using a Centrex filter (0.2 mm) and the sample was phenol-chloroform extracted and ethanol precipitated. The sample was lyophilized to dryness and resuspended in 1Â TE and 50 mM NaCl. Concentration of RNA was determined by absorbance measurement at 260 nm and then diluted to 180 nM in the same buffer. RNA was refolded by heating at 95 C for 5 min and then slowly cooling to room temperature.
The 45 nt RNA (chromosome 15: 75 646 060-75 646 104, hg19) was chemically synthesized. The RNA was purified, visualized, extracted and prepared for assay as described for the in vitro transcribed RNAs.
A template for in vitro transcription of the 5HT 2C R RNA was obtained by BamHI digestion of plasmid SerLIVT as described previously (60) . For in vitro transcription of the 329 nt 5HT 2C R (no loop) RNA, conditions used were similar to those previously described (60) , except that 7-deazaadenosine 5 0 -O-triphosphate was substituted for adenosine 5 0 -O-triphosphate in one of the transcription reactions. 7-deazaadenosine 5 0 -O-triphosphate was concentrated by lyophilization from 10 to 100 mM upon receipt for in vitro transcription.
Preparation of NEIL1 RNA by splinted ligation
The sequences of the RNA oligonucleotides used for splinted ligation were: 5 0 -AAGGCUACGGGUCAGAG AGCGGGGAGGAGGACUU (called NL34) and 5 0 -CC UGAGCCUGCCCUCUGAUCUCUGCCUGUUCCU CUGUCCCACAGGGGGCA (called NL845). The analogs were incorporated in place of the adenosine at the 5 0 -end of NL34. The sequence of the DNA splint was: 5 0 -GACCCGTAGCCTTTGCCCCCTGTGG (called NL84SP25). For use in the deamination assay, RNA was purified, visualized, extracted and prepared for assay as described for the in vitro transcribed RNAs. RNA concentration was determined by measuring absorbance at 260 nm and calculated using extinction coefficients generated by the Ambion extinction coefficient calculator. The same extinction coefficient was used for A-and analog-containing RNAs. For the preparation of 5 0 -[ 32 P] end labeled RNA, purified RNA (60 pmol) was treated with g-[ Splinted ligation was performed by hybridizing labeled NL34, 1 equivalent cold NL845 and 1 equivalent cold NL84SP25 in 1.3Â T4 DNA Ligase buffer with 0.04 U/ml RNasin. Sample was heated at 95 C for 5 min and then allowed to slowly cool to room temperature. After cooling, RNasin, rATP and T4 DNA Ligase were added to the mixture to a final concentration of 0.05 U/ml RNasin, 60 mM rATP, 85 U/ml T4 DNA Ligase and 1Â T4 DNA Ligase buffer. This was incubated at 30 C for 6 h. After ligation the RNA was again PhOH:CHCl 3 extracted, ethanol precipitated, pelleted via centrifugation and then washed with 70% ethanol and pelleted again. The pelleted RNA was dried by lyophilization and re-suspended in water. A DNase digest was performed at 37 C for 1 h and the ligated RNA was purified by running on a 12% polyacrylamide gel. RNA was cut from the gel and isolated using the crush and soak method described above. The isolated oligonucleotides were PhOH:CHCl 3 extracted, ethanol precipitated, pelleted via centrifugation and then washed with 70% ethanol and pelleted again. The pelleted RNA was dried by lyophilization and re-suspended in water to a concentration 300 nM. The RNA was refolded by heating at 95 C for 5 min and allowing the RNA to slowly cool to room temperature.
Deamination assay
Editing for the NEIL1 deletion study was evaluated as previously with some modifications (54) . ADAR1 (50 nM) was mixed with 10 nM RNA in assay buffer containing 15 mM Tris-HCl, pH 7.5, 1.5 mM EDTA, 40 mM KCl, 26 mM NaCl, 5% glycerol, 0.003% Nonidet P-40, 0.5 mM DTT, 160 U/ml RNasin, 0.3 mM BME and 1.0 mg/ml yeast tRNA Phe . Reactions were carried out for 2 h. RT-PCR was carried out using the following primers: for the 366 nt: 366F and 366R; for the 201 nt: RFSL (TGG GTACGAATTCCCCGTACAAGCTT) and 201R (GCG CGCGGATCCATGCCGGTCCTGCAGG); for the 161 nt: 161F and 161R, for the 84 nt: 84FRT (TAATAC GACTCACTATAGGGAACTGACTAAACTAGGTGC CACGTCGTGAAAGTCTGACAACCTGAGCCTGCC CTCTGA) and 84R; for the 45 nt: 45F (TAATACGACT CACTATAGGGCCTGTTCCTCTGTCCCA) and 45R (CTCTCTGACCCGTAGCCT) and the Access RT-PCR System (Promega, Madison, WI, USA) according to the manufacturer's protocol. The extent of editing was determined by DNA sequencing using either a T7 promoter primer (366, 161 and 84 nt) or RFSL (201 nt). Editing was quantified by DNA sequencing for all the RNAs except the 45 nt RNA, for which editing was quantified using the fluorescent poisoned primer extension assay (described below).
Kinetic analysis of the in vitro transcribed 84 nt substrate was evaluated as described for the truncations above. ADAR1 (13, 25, 50 , 100 and 200 nM final concentrations) was mixed with 10 nM RNA in assay buffer (see above). After the RT-PCR (described above, except that the forward primer used for the 84 nt RNA was 84F instead of 84FRT), the poisoned primer extension was carried out based on previous work (61) 
Editing of the ligated RNAs was evaluated as previously with some modifications (62) . ADAR1 (130 nM final concentration) was mixed with 18 nM RNA in assay buffer containing 15 mM Tris-HCl, pH 7.0, 1.5 mM EDTA, 60 mM KCl, 3% glycerol, 0.003% Nonidet P-40, 0.5 mM DTT, 160 U/ml RNasin and 1.0 mg/ml yeast tRNA Phe . Due to the slow rates of deamination of some of the analog-containing RNAs, long reaction times made enzyme denaturation a concern and raised the possibility of artificially low endpoints.
Therefore, we chose to analyze the initial, linear portion of the reaction. Reaction rates were obtained by taking the slope of the plot of ln(fraction of substrate) versus time (63) . Representative TLC images are shown in the supplementary information (Supplementary Figures S2-S6) .
GluRB R/G site RNAs (top strand: 5 0 -7-deazaAGGU GGGUGGAAUAGUAUAACAAUGU and complementary strand: 5 0 -AUGUUGUUAUAGUAUCCCACC UACCCU) were purified as described above for mass spectrometric analysis. Editing of the GluRB R/G site RNA was evaluated as previously described (52) . A representative TLC image is shown in the Supplementary Data (Supplementary Figure S7) . The rate constant for the reaction of ADAR2 R455A with the GluR B R/G site RNA containing 7-deazaadenosine ( Table 2 ) was determined as previously described fitting the rate data using a reaction end point of 80% (as observed with the A-containing substrate) (52) .
Editing of the transcribed 5HT 2C R RNA was evaluated as previously with some modifications (60). ADAR1, ADAR2 or ADAR2 R455A (130 nM final concentration) was mixed with 5 nM RNA in assay buffer containing 15 mM Tris-HCl (pH 7.8 for ADAR1 and pH 7.4 for ADAR2 and ADAR2 R455A), 26 mM KCl, 40 mM potassium glutamate, 1.5 mM EDTA, 0.003% Nonidet P-40, 4% glycerol, 0.6 mM reducing agent (combination of DTT and b-mercaptoethanol), 160 U/ml RNasin and 1.0 mg/ml yeast tRNA Phe . For the reactions with ADAR2 and ADAR2 R455A, the reducing agent was a combination of 0.1 mM b-mercaptoethanol and 0.5 mM DTT. For the reactions with ADAR1, the reducing agent was 0.6 mM DTT. The editing reaction proceeded at 30 C for 2 h. Representative sequencing traces may be found in the Supplementary Data (Supplementary Figure S8) .
RESULTS
Generation and characterization of a NEIL1 minimal substrate
In our previous work, we chose to study a section of the NEIL1 pre-mRNA consisting of 100 nt to either side of the recoding site (54) . This choice was guided by the predicted secondary structure surrounding the editing site, with additional sequence included to account for other possible structures. To explore further the effect of changing the length of this substrate, we assessed editing of four new RNAs, in addition to the 201 nt substrate analyzed previously: 366, 161, 84 and 45 nt.
Each of the RNAs beyond 84 nt in length supported the ADAR1 reaction with yields of 72-98% under these conditions ( Figure 2) . A slight decrease in yield was observed for the 45 nt substrate (64 ± 6%) and the best substrate was the 161 nt RNA, which was nearly quantitatively edited by ADAR1 (98 ± 1%). We did not observe an increase in editing at any other adenosines for any of the RNAs. The 84 nt RNA supported more efficient editing than the 45 nt substrate (79% versus 64%) and had the editing site 34 nt from the 3 0 -end such that it could be prepared by ligation with at least one of the two strands chemically synthesized. Therefore, we chose this substrate for our subsequent studies.
We developed a poisoned primer extension assay to monitor ADAR1 editing of the NEIL1 84 nt RNA based upon previous work with seagrass and squid editing sites (61) . We used this assay to measure rate constants (k obs ) for editing reactions carried out under single-turnover conditions at various concentrations of ADAR1. This allowed us to estimate a maximum rate constant (k max ), apparent affinity constant (K d ) and saturating concentration of ADAR1. We calculated a k max = 0.03/min and an apparent K d = 23 nM for this RNA under these conditions and using this method (Figure 3 ). This analysis also indicated that the RNA was fully saturated with ADAR1 and reached the k max at concentrations !100 nM ADAR1.
Comparison of ADAR1 substrates bearing adenosine analogs
Our lab has published a series of studies on the editing of nucleoside analogs by ADAR2 (44) (45) (46) (47) (48) (49) (50) (51) (52) . Since the sequence analysis suggested differences between ADAR1 and ADAR2 in the active site residues proximal to the adenosine N7 and 2 0 -positions (Figure 1) , we chose to evaluate a subset of analogs in the ADAR1 reaction that varied the functional groups present at these positions [7-deazaadenosine (7dA), 8-aza-7-deazaadenosine (8a7dA), 2 0 -deoxyadenosine (dA) and 2 0 -O-methyladenosine (OMe)] (Figure 3 ). For this purpose, we prepared RNA hairpins based upon the hNEIL1 pre-mRNA derived 84 nt RNA described above using a splinted ligation strategy (64) . The structure of the hairpin is shown in Figure 3 with the analogs incorporated at the recoding site. The effect of each modification was evaluated under single-turnover conditions at a saturating concentration of the enzyme. We had previously shown that minor structural changes at the edited adenosine have little effect on the binding affinity of ADAR2 for its RNA substrates (46, 48, 52) . This is due to the fact that the majority of the binding affinity comes from the ADAR2 RNA-binding domain and not from the catalytic domain where the edited nucleotide binds. Using a gel mobility shift assay, we confirmed that each modified RNA is fully bound to ADAR1 under the reaction conditions used here (Supplementary Figure S1 and Supplementary methods).
Similar to the effect observed with ADAR2, the 2 0 -deoxyadenosine showed a modest decrease in rate, approximately 3-fold slower than adenosine (44) ( Table 1) . On the other hand, when the hydroxyl group was replaced with a methoxy group, no product was observed in the ADAR1 reaction, indicating a rate at least 50 times slower than adenosine, again similar to that observed with ADAR2 (44) ( Table 1 ).
An RNA substrate containing 8-aza-7-deazaadenosine was deaminated approximately eight times more rapidly than adenosine by ADAR2 (52) . This is consistent with previous observations that the 8-aza substitution facilitates covalent hydration of the purine ring, a key step in the deamination mechanism (65, 66) . However, for ADAR1, the results were significantly different with this analog. The ADAR1 substrate containing 8-aza-7-deazaadenosine was deaminated at a rate 4-fold slower than adenosine (Table 1) . In an attempt to determine the source of this difference, we incorporated 7-deazaadenosine at the recoding site. Importantly, this substrate showed no visible deamination product with ADAR1, even when incubated for an extended period (Table 1 ). This result is in stark contrast to that observed in the ADAR2 reaction, where 7-deazaadenosine is deaminated at a rate nearly equal to that of adenosine (45) ADAR reactions with RNA transcribed using 7-deazaadenosine triphosphate The studies described above used an RNA substrate for ADAR1 with different nucleoside analogs incorporated specifically at the editing site. The RNA with 7-deazaadenosine at the editing site showed an unexpectedly low reactivity. To see if this is a general feature of the ADAR1 reaction or specific to this substrate, we wished to analyze a different ADAR1 substrate bearing 7-deazaadenosine. While site-selective modification at other known ADAR1 sites has not been achievable, it is possible to generate ADAR1 substrates via in vitro transcription using analogs of ATP with the caveat that all the adenosines in the RNA, not just the editing site, will be modified with the analog. Given the subtle change in structure between adenosine and 7-deazaadenosine, we believed an ADAR substrate with all adenosine sites replaced with 7-deazaadenosine should maintain enough of the key folded structure to support enzyme binding (67) . In addition, 7-deazaadenosine triphosphate is known to efficiently replace ATP in reactions of T7 RNA polymerase and be faithfully incorporated into RNA at A sites (67) . Therefore, we transcribed an RNA that is a known substrate for both ADAR1 and ADAR2 using either ATP or 7-deazaadenosine triphosphate. We chose an RNA that is a derivative of the 5HT 2C R pre-mRNA we described in an earlier study that has good editing sites for both ADAR1 and ADAR2, albeit at different locations ( Figure 4 ) (60). We observed that ADAR1 editing at the B site (the best editing site for ADAR1 in this RNA) was completely abolished when the adenosines were replaced with 7-deazaadenosine ( Figure 4 ). However, there was a much smaller effect on ADAR2 editing. For instance, ADAR2 editing at the E site, which is deaminated to a similar extent (71 ± 11%) as is the B site by ADAR1 (66 ± 11%), was reduced by less than 2-fold in the RNA containing 7-deazaadenosine (41 ± 3%) ( Figure 4) . Therefore, the inhibitory effect on ADAR1 observed when the NEIL1 substrate RNA was site specifically modified with 7-deazaadenosine is also seen when the 5HT 2C R substrate RNA is modified with 7-deazaadenosine. The small decrease in ADAR2 reactivity observed is most likely a result of effects on stability and/or structure arising from 7-deazaadenosine substitution throughout the RNA.
The R455A mutation of ADAR2 renders it sensitive to the 7-deazaadenosine substitution
There is a high degree of sequence similarity between ADAR1 and ADAR2 in the region surrounding the deaminase active site (Figure 1 ). However, a key difference is the presence of A970 at a location corresponding to R455 in ADAR2. ADAR2 R455 is on an a-helix near the zinc-containing active site with its side chain directed toward the putative edited nucleotide-binding site ( Figure 1 ). We have shown that the R455A mutation changes ADAR2's reactivity to adenosine analogs with modifications at the 7-position (52) . This observation is consistent with a model of adenosine recognition in the ADAR2 active site where the R455 side chain is near the N7 of the edited nucleotide ( Figure 1 ). Given our observation that ADAR1 is more sensitive to 7-deazaadenosine substitution than is wild-type ADAR2, we wished to determine if this sensitivity is shared by the ADAR2 R455A mutant since its active site may be more ADAR1-like.
Since the NEIL1 pre-mRNA is a poor substrate for ADAR2, we used the 5HT 2C R pre-mRNA for this analysis. Indeed, when comparing the ADAR2 R455A reactivity on the 5HT 2C R pre-mRNA-derived substrate, we find the E site editing to be fully inhibited by 7-deazaadenosine substitution ( Figure 4 ). This stands in contrast to wild-type ADAR2 that edits this site when it is either adenosine (71%) or 7-deazaadenosine (44%) (Figure 4) . Furthermore, when we incorporated 7-deazaadenosine site specifically into an ADAR2 substrate RNA, the GluRB R/G site, we found that the rate of deamination by ADAR2 R455A was reduced 10-fold relative to adenosine (Table 2) . Wild-type ADAR2 reacts with 7-deazaadenosine in this substrate at a rate nearly identical to its rate with adenosine (Table 2) . Unfortunately, study of the ADAR1 A970R mutant has been complicated by poor expression and low activity (data not shown).
DISCUSSION
In this study, comparisons of ADAR1 deamination reactions have been made for a series of substrate analogs obtained by chemo-enzymatic synthesis of the RNA. This approach has been used successfully in the past to investigate structure/activity relationships in the ADAR2 reaction (44) (45) (46) (47) (48) (49) (50) (51) (52) . This is the first example of using this technique with ADAR1. In the past, we did not have an RNA substrate accessible by chemical synthesis that would allow us to incorporate substrate analogs specifically at an ADAR1 editing site. However, with the discovery of the NEIL1 editing site and deletion studies showing the reaction supported by a relatively short RNA, we were able to design such a substrate. Upon incorporation of nucleoside analogs at the recoding site of the NEIL1 RNA, we discovered both similarities and differences between ADAR1 and ADAR2. Like ADAR2, ADAR1 cannot tolerate 2 0 -Omethylation of the edited adenosine, but can tolerate 2 0 -deoxyadenosine, albeit with a rate reduced by approximately 3-fold (44) . In fact, there is a remarkable similarity in relative rates of deamination of adenosines substituted at the 2 0 -position. Based upon a model of nucleotide recognition in the ADAR2 active site (Figure 1 ) (43), as well as on data using nucleoside analogs (44, 51) , we believe that threonine 375 in ADAR2 hydrogen bonds to the 2 0 -OH (Figure 4 ). Homology modeling of ADAR1 positions N891 in the corresponding location ( Figure 1 ) (56). Threonine and asparagine have similar hydrogen bonding properties and polarity, so it is plausible that these residues may make similar contacts with the ribose. In addition, it has been suggested in the literature that 2 0 -O-methylation, directed by a snoRNA, may function as a mechanism to regulate editing on the 5HT 2C R pre-mRNA, highlighting the importance of defining the effect of 2 0 -O-methylation on editing by ADAR1 and ADAR2 (11, 68) .
Interestingly, there is a striking difference in how the enzymes accept modifications of the base. ADAR2 tolerates carbon substitution for nitrogen at the 7-position of the ring with virtually no difference in reaction rate (45) , and exhibits a 7.6-fold increase in rate with the 8-aza-7--deazaadenosine (52). However, 8-aza-7-deazaadenosine is edited 4-fold slower than adenosine by ADAR1. The lack of detectable deamination product with 7-deazaadenosine suggests that ADAR1, unlike ADAR2, but like ADA, makes an important interaction with N7 of the purine ring (69) . While 7-deazaadenosine is not a substrate for ADA (70, 71) , 8-aza-7-deazaadenosine is a substrate, with a rate 15-fold slower than adenosine (72) . For both ADAR1 and ADA, the ability to deaminate 8-aza-7-deazaadenosine could be a result of the increased reactivity of the base containing nitrogen at the 8-position, or it could be a result of the loss of one interaction at the 7-position and a concomitant gain of interaction at the 8-position.
The R455A mutation in ADAR2 was shown in a previous study to result in only a 2-fold decrease in rate of deamination of adenosine (52) . The relatively small effect this mutation has on editing adenosine-containing substrates is also shown here in its ability to edit the 5HT 2C R RNA E site (Figure 4 ). This indicates that any beneficial effect R455 may have in catalysis is largely compensated for in the alanine mutant. Yet, this mutant is much more sensitive to the 7-deaza modification at the editing site than is wild-type ADAR2 ( Figure 4 and Table 2 ). While the reason for this dependence requires additional structural and mechanistic studies, it is tempting to speculate that ADAR active sites that bear alanine at this location (wild-type ADAR1, ADAR2 R455A) use a specific contact to N7 during adenosine deamination, perhaps via an ordered water molecule like that observed in the tRNA-modifying adenosine deaminase TadA-RNA complex (73) (Figure 5A ). An RNA containing 7-deazaadenosine has not yet been tested with TadA, but it would be intriguing to determine whether this enzyme also requires N7, as suggested by the interactions in the crystal structure. Interestingly, in a functional screen for active mutants of ADAR2 where all possible mutants at position 455 were screened, only small residues (glycine, alanine, serine and threonine) were identified in the active group besides arginine (52) . Perhaps these smaller residues allow for the binding of water to substrate N7 in the active site. Hydrogen bonding to N7 can be important in catalysis of adenosine deamination as shown in studies of mouse ADA. In this enzyme, D296 H-bonds to N7 of the adenosine substrate ( Figure 5B ). Mutation of D296 to alanine substantially reduces substrate binding but also reduces k cat to 0.07% that of wild-type ADA (74) . In addition, adenosine monophosphate deaminase (AMPDA) also requires the nitrogen at position 7, as 7-deazaadenosine monophosphate is not a substrate for the form of this enzyme found in rabbit muscle (75) . In the crystal structure of the Arabidopsis thaliana AMPDA, D736, a conserved residue that ligates the zinc, also appears well placed to form a hydrogen bonding interaction with N7 ( Figure 5C ) (76) . For wild-type ADAR2, 7-deazaadenosine remains a good substrate, making it an exception in this group of enzymes. It is possible in this case that the R455 side chain serves to stabilize an S N Ar-like reaction transition state not by direct H-bonding to the base, but through a charge-charge interaction (52, 78) . Such an interaction would not require the presence of N7 in the substrate. A similar such stabilization of a negatively charged transition state by a nearby arginine residue has been observed in several other enzymes, including one stabilizing an S N Ar reaction transition state (79) (80) (81) .
No potent small molecule inhibitors of ADARs are currently known. Such inhibitors would be useful for the study of ADAR function, particularly given the fact that genetic approaches are complicated by the developmental defects of the ADAR knockouts, particularly for ADAR1. The ability to inhibit editing in a time-and dosedependent manner would be a particularly helpful tool in answering questions regarding the relationship between aberrant editing and disease. Inhibitors that are editing site-or ADAR selective would be useful in this regard. Studies such as described here, where differences in structure/activity relationships are identified, will be useful for the design of inhibitors that can differentiate between ADAR1 and ADAR2. In addition, monitoring editing of RNA containing 7-deazaadenosine may prove to be useful to differentiate reactions of ADAR1 and ADAR2. 7-deazaadenosine (tubercidin) added to culture media is known to lead to efficient incorporation of this analog into cellular RNA (82) . Detection of 7-deazainosine at known editing sites after such treatment would imply ADAR2 is the enzyme responsible, since 7-deazaadenosine at these sites would be refractory to deamination by ADAR1. Experiments designed to test this idea are currently underway.
In summary, we have developed an assay to investigate structure/activity relationships for the ADAR1 catalyzed reaction. Using this assay, we have found both similarities and differences between ADAR1 and ADAR2 substrate recognition. The difference in interaction with N7 of the purine ring suggests a difference in the way that these two enzymes catalyze the deamination reaction. Looking forward, the development of this assay will allow us to elucidate additional mechanistic details regarding ADAR1, providing us with a new tool to learn more about this important family of enzymes.
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